A novel horizontal flow biofilm reactor (HFBR) has been adapted and tested for its efficiency in treating hydrogen sulphide (H 2 S) and methane (CH 4 ) gas. Six pilot-scale HFBR reactors were commissioned, three each treating CH 4 and H 2 S respectively. The reactors were operated at 10 W C, often typical of ambient temperatures in Ireland, and were simultaneously dosed with an air mixture containing the gas in question and with synthetic wastewater (SWW). Three reactors (HFBR 1, 2 and 3), treating an air mixture containing CH 4 , were operated over three phases ( C. Kennelly
INTRODUCTION
Increasingly stringent regulation and adverse public pressure regarding the emission of odorous and greenhouse gases are driving the need for low energy, cost-effective and sustainable solutions to remediate these emissions.
Some of the most common complaints to Environmental Protection Agencies and local authorities internationally in the waste sector, for example, are regarding odour emissions (Phillips ) . Legislation in Europe (Directive //EC) requires that waste and wastewater treatment facilities avoid excessive emissions of odours. Many of these gases, e.g. hydrogen sulphide (H 2 S), can cause significant odour nuisance and can be toxic.
A prominent greenhouse gas encountered in the waste sector is methane (CH 4 ). An estimated 30% of anthropogenic methane emissions in Europe come from this sector (Haubrichs & Widmann ) . It is therefore important that methane emissions from waste facilities be controlled. Frequently, the amount of CH 4 generated during waste treatment may not justify the installation of an energy recovery system; in such cases the emitted CH 4 should undergo treatment to reduce the associated global warming potential (GWP) (El-Fadel & Massoud ; Rocha-Rios et al. ). Biological treatment methods are increasingly employed due to the inherent advantages of such techniques, including: (i) conversion of the pollutant into innocuous by-products, (ii) low capital and maintenance costs, and (iii) good overall performance (Moosavi et al. ) .
One major challenge involved in designing a biofilm reactor capable of effective CH 4 oxidation is the requirement for longer residence times (Streese & Stegmann ) . This is due to the low solubility of CH 4 in water, which makes mass transfer of the CH 4 to an aqueous phase more difficult (du Plessis et al. ).
Recent research has focused on alleviating such difficulties. For example, optimisation of the operational parameters such as gas flow rate and nutrient feed composition (Nikiema et al. ; Nikiema & Heitz ) has also been shown to increase the efficiency of CH 4 bioreactors. Improvement of mass transfer is also being investigated (Rocha-Rios et al. ).
The optimum temperature for growth of methanotrophic bacteria is generally found to be between 30 and 40 W C with oxidation rates halving when the temperature is reduced to 20 W C (Streese & Stegmann ) . To date limited work has focused on methane oxidation at temperatures significantly lower than 20 W C, though in many climates this can be applicable. In Ireland, for example, average ambient temperatures are closer to 10 W C. Thus the investigation of reactors which can operate at temperatures encountered on site is vital. H 2 S emissions encountered in the waste and agricultural sectors tend to have relatively low concentrations (<500 ppm v ), making traditional gas treatment such as incineration, adsorption and chemical scrubbing more expensive than biological conversion (Ramirez et al. ) . H 2 S is about 200 times more soluble in water than CH 4 , facilitating better mass transfer of contaminants to the aqueous phase and hence shorter residence times (Metcalf & Eddy ) .
Unlike CH 4 biofilm reactors, which generally require inoculation with enriched microbial cultures (Sly et The effectiveness of the horizontal flow biofilm reactor (HFBR) as a biological wastewater treatment technology has previously been demonstrated (Clifford et al. ) . Unlike biofilters, where the flows are predominantly vertical, the HFBR employs a unique flow regime in which the gaseous contaminants flow horizontally across vertically stacked horizontal sheets. This ensures good contact with the biofilm in the reactor and alleviates such problems as clogging, channelling and compaction. The reactor is operated in downflow mode, with a concurrent flow of synthetic waste water (SWW). This helps ensure provision of nutrients in the areas of the reactor where gas concentrations are highest. In this study a novel HFBR technology was investigated for its efficiency in removing CH 4 and H 2 S from air mixtures. The trials were carried out at temperatures typical of those encountered on site in Ireland. The removal efficiency of each reactor was measured by comparing influent and samples of the gas air mixture. Influent, effluent and intermediate samples of biomass and SWW were also analysed to give added insight into the performance and removal processes in the reactors.
METHODS Horizontal flow biofilm reactor (HFBR)
The HFBR comprised a stack of 60 horizontal plastic sheets positioned, vertically one above the other, with integrated frustums. The sheet stack was placed in a sealed enclosure that could be opened for visual assessment and biofilm sampling. The working volume of each reactor was 20 L and the top plan surface area (TPSA) of the plastic media was 0.04 m 2 , giving a total media plan area of 2.4 m 2 . Six intermediate sample ports
were located along the vertical profile of each reactor, allowing intermediate samples of air and water to be taken. The air mixture was introduced above Sheet 1 at the top of the reactor and flowed horizontally across each sheet before moving to the sheet below. Similarly the liquid phase flowed over each sheet before dropping to the sheet below; thus the unit does not operate as a submerged reactor. Nutrients were added to each of the reactors in the form of a synthetic wastewater (SWW) mixture. The SWW was delivered intermittently (10 min per hour) via a peristaltic pump. SWW was delivered in a step feed manner, i.e. 75% of the SWW (6 L/day) was dosed onto Sheet 1 and 25% of the SWW (2 L/day) onto Sheet 30. These liquid flow rates were applied to both the CH 4 reactors and the H 2 S reactors. The composition of the various SWW feeds used in these trials is outlined in Table 1 . The step feed helped distribute the nutrients evenly in the HFBR (Clifford et al. ) . The SWW flow rate was checked and calibrated periodically. SWW 1 was used in the H 2 S trial and during Phase 1 and Phase 2 of the CH 4 trials. Variations of the SWW mix were investigated for their efficacy on CH 4 removal performance in Phase 3 of the CH 4 trials.
The HFBR units were housed in a temperature-controlled laboratory, maintained at 10 W C. H 2 S and CH 4 , supplied from cylinders, were separately mixed with compressed air, to form the desired influent gas concentrations. Flowmeters and pressure regulators were used to control gas flow rates and gas mix proportions as required ( Figure 1 ). Both influent and effluent gas flow rates were monitored to ensure that there was no bypass or air leaks within the system. Operating conditions for the reactors are summarised in Table 2 .
Biofilm growth and inoculation
All reactors were initially seeded with a nitrifying activated sludge taken from a local municipal wastewater treatment plant. As nitrifying activated sludge is readily available it would be economical at site scale to use biomass as available on site. It was hoped the population diversity in such sludge would support some methanotrophic activity. However, following a 1-month treatment period no CH 4 oxidation was observed in HFBR 1, 2 or 3; thus an enrichment strategy was employed to cultivate a mixed microbial community capable of CH 4 oxidation. This enrichment was carried out using a seed mixture of landfill soil, compost, landfill leachate and compost leachate. The biomass was suspended in an adapted Whittenbury medium (Whittenbury et al. ) and batch reactors containing the seed mixture were carefully dosed with CH 4 gas and a nutrient supply. Gas chromatography analysis was performed on the batch reactors and CH 4 oxidation was recorded. The enriched biomass was then added to each reactor in a bio-augmentation with the biofilm already present.
Pressure drop
Pressure drop was measured on Reactors 1, 2 and 3 using an U-tube manometer. In all cases it was found to be negligible (<10 mm H 2 O). As the pressure drop in the HFBR is low, the downward flow of the gas air mixture through the reactors is not impeded.
Gas sampling and analysis
Gas samples from the influent, effluent and the six sample ports were analysed using a Varian CP-3800 Gas Chromatograph (GC) equipped with a flame ionisation detector (FID). An Agilent 7890A GC was used to measure the carbon dioxide (CO 2 ) concentrations. Concentrations of H 2 S were measured using a BW Technologies GAXT-H-2-DL monitor. Influent and effluent gas flows were monitored using Key Instruments MR3000 variable area meters.
Synthetic wastewater sampling and analysis
Liquid samples taken from the influent, effluent and intermediate sample ports were taken and analysed. Suspended solids (SS), chemical oxygen demand (COD), 
HFBR performance terminology and calculation
The performance of the HFBR units was calculated in terms of removal efficiency (RE) and elimination capacity (EC), as follows (Iranpour et al. ) ; Figure 2 (b), 2(d) and 2(f). For the final 30 days of the study it was observed that the RE in HFBR 1 remained consistently over 75%, indicating this reactor outperformed HFBR 2 (53%) and HFBR 3 (50%) during this period. For all reactors (HFBRs 1-3) a significant improvement in performance over Phase 1 was observed. At the end of Phase 3, removals of up to 93, 81 and 70% had been observed for HFBRs 1, 2 and 3 respectively. During Phase 1 steady reactor performance was observed for 76 days of the 90 day study. It is thus likely that the change in influent SWW was significant in improving reactor performance during Phase 3.
Carbon dioxide (CO 2 ) production CO 2 production throughout HFBR units 1-3 was monitored as part of a carbon mass balance study (Table 3) to give additional insight into methanotrophic activity in the biofilm (Table 3 ). The increase in CO 2 within the reactor was mainly due to the aerobic degradation of organic carbon in the SWW (i.e. glucose, dried milk and yeast) and oxidation of CH 4 . This trend is illustrated for each of the HFBRs in Figure 3 and in Table 3 . It was estimated that CO 2 production was about 1.42 g CO 2 produced/g CH 4 oxidised for HFBR 1, about 2.14 g CO 2 produced/g CH 4 oxidised for HFBR 2 and about 1.50 g CO 2 produced/g CH 4 oxidised for HFBR 3. It is notable that HFBR 2, which contained an organic carbon source in the influent SWW, had a higher CO 2 production rate per gram of CH 4 oxidised. This may be as a result of CO 2 production due to organic carbon oxidation.
Removal of odorous gases -H 2 S removal efficiency (50 days)
HFBRs 4, 5 and 6 were inoculated with nitrifying activated sludge from a municipal wastewater treatment plant. SWW 1 was added to the reactors for 15 days, after which time the H 2 S supply was turned on. The trial lasted for 50 days following this initial 15-day growth period.
Microbial dynamics in a HFBR, with similar influent SWW characteristics, have been previously documented (Clifford et al. ) . After initially including organic carbon in the influent SWW (to mimic municipal strength wastewater, which is high in nutrients and available on site) organic carbon was excluded from the SWW after 11 days of operation to improve performance. Figure 4 (b). The apparent reduction in SO 4 2À concentration in the effluent samples (i.e. Sheet 60) is most likely due to samples being taken from the intermediate ports in situ, unlike the effluent samples, which were taken from a reservoir at the base of the reactors and were composite samples from the previous 24 h. SO 4 2À concentration generally increased with depth through the reactor, a trend that corresponds well to the removal of H 2 S from the air stream. Concentrations are reduced at Sheet 30 due to dilution with the step feed but start to increase again from this point. As H 2 S removal improved over the 50-day period a corresponding increase in SO 4 2À concentrations was observed. The concentrations were lower than the inhibitory concentrations mentioned above. In cases where the SO 4 2À concentrations become excessive, a media washout operation could be introduced to reduce the concentration and maintain H 2 S removal levels. Further studies are necessary to determine long-term H 2 S oxidation performance of the HFBR and the influence that accumulation of metabolic end products has on reactor performance over time.
In the case of all the CH 4 and H 2 S studies, average suspended solids (SS) as measured in the effluent liquid phase were less than 20 mg SS/L. In addition, no biomass wasting was carried out during the studies, indicating biomass retention times within the HFBR were likely to be high. Previous wastewater studies on the HFBR, at lower hydraulic loading rates, have shown solids retention times of over 1,000 days (Rodgers & Clifford ) .
DISCUSSION AND CONCLUSIONS CH 4 studies
The performance of novel, pilot-scale HFBR technology was investigated in treating CH 4 . Three pilot-scale HFBRs (HFBRs 1, 2 and 3) were operated in a temperature controlled laboratory at 10 W C, at a CH 4 loading rate of 8.6 g CH 4 /m 3 reactor/h over three separate phases. respectively. Average sulphate production profile is illustrated in Figure 4 (d).
The step feed was located at Sheet 30.
Following the addition of methanotrophic seed material good CH 4 removal was achieved, despite the low operating temperatures of 10 W C. In a prior experiment, municipal activated sludge was investigated as a possible seed material; however, after a number of weeks of operation limited CH 4 removal was observed. When prepared methanotrophic seed material was added in a bio-augmentation of the existing biofilm, steady-state removals of 2.8 g CH 4 / m 3 /h were observed after 2 weeks under the same operating conditions. The preparation of a methanotrophic seed material is therefore an essential step in the construction of a CH 4 oxidising biofilm reactor. In Phase 1 (90 days) the reactors were dosed with a SWW similar to a weak domestic sewage. The average RE for all three reactors during this phase was 32.2% (standard deviation 6.7%).
During Phase 2 (28 days) the operating temperature was reduced to an average of 3 W C for 2 weeks. During this phase the RE reduced to an average of 17.6%, recovering to previous levels within 2 weeks of the normal operating temperature being restored. A good linear relationship between removal efficiency and temperature was observed. It can be concluded from this phase that, although it is possible to achieve good CH 4 oxidation at 10 W C, once the temperature falls below this, oxidation is significantly reduced. This would be a very important consideration in the design of a full-scale reactor. In Phase 3 (60 days) the composition of the influent SWW was varied for each reactor. Various combinations of carbon and nitrogen were examined in the influent SWW, resulting in an increase in RE for each reactor. Average steady-state removals improved significantly when compared with Phase 1. The results indicated a nutrient feed with low carbon concentrations and high nitrogen concentrations improved reactor performance. Carbon dioxide production was also measured and showed an excellent correlation with methane removal rates. The pH was measured periodically and found to be neutral (pH was consistently in the range 6.5-7.5).
The maximum observed elimination capacity ( The results of these trials are compared with similar studies in Table 4 . The positive effect of adding high concentrations of nitrogen to the nutrient feed in a CH 4 bioreactor has been previously demonstrated (Nikiema & Heitz ) and a similar effect was observed in these trials. According to some research (Nikiema et al. ) , nitrogen should be added in the form of nitrate (NO 3 ) rather than as ammonium (NH 4 ) as methanotrophic activity can be diverted to nitrification of the NH 4 in the feed. There are some conflicting reports, however, as to which species of nitrogen should be added, with other work suggesting that nitrogen added in the form of ammonium can improve CH 4 oxidation (Bodelier et al. ; Melse & Van Der Werf ) rather than inhibit it. Melse & Van Der Werf () could establish no clear relation between NH 4 concentration and maximum growth rate and speculated that no direct inhibition by ammonia took place. HFBR 1, which showed the best performance, used ammonium and not nitrate as the nitrogen source in the liquid nutrient supply. Further studies are necessary to determine the most appropriate species of nitrogen for CH 4 oxidation in the HFBR, the effects of nitrification on methanotrophic activity and whether ecology, temperature, operating conditions and/or reactor design may influence the preferred nitrogen source. One of the principal design considerations for a CH 4 oxidising biofilm is the low rate of mass transfer due to the low solubility of methane. Increasing residence time can alleviate this problem; however, at site scale, long residence times may not be economical, due to the large footprint that would be required. Increasing the rate of mass transfer by the addition of non-ionic surfactants (Avalos et al. ), additional liquid phases such as silicone oil (Rocha-Rios et al. ) or by including an adsorption phase by adding activated carbon to the sheets could improve reactor performance. Further studies are necessary to determine the effects these additions would have on the HFBR and to determine the optimum configuration in terms of cost, footprint and performance. A comparison between the results of this study and other similar studies is presented in Table 4 .
H 2 S studies
Three reactors were inoculated with activated sludge. SWW 1 was then added to the reactors for 15 days, after which time the H 2 S supply was turned on. Each reactor was loaded with an average of 3.34 g H 2 S/m 3 /h (1.67 g H 2 S/ m 2 TPSA/h -an average concentration of 160 ppm v ).
After 50 days of operation each HFBR unit had reached 100% removal. This corresponds to an elimination of 3.34 g H 2 S/m 3 /h. Although this compares well with some studies in the literature (Dumont et al. ) , it is conservative when compared with others (Ramirez et al. ) . However, the aforementioned studies were conducted at higher temperatures and it has been previously demonstrated that lower temperatures, such as in this study, result in a lower rate of air water transfer (Yongsiri et al. ) . Lower temperatures will also lead to lower microbial activity. A comparison between the results of these trials and other similar studies is presented in Table 5 .
There was a corresponding increase in SO 4 2À production with time and with depth in the reactor. Although the concentrations of metabolic end products did not reach inhibitory concentrations during this trial, further studies will be necessary to determine the effects of SO 4 2À accumulation, and the potential need for media washing after long-term operation. Despite low operating temperatures, this study indicates that the HFBR has excellent potential to biologically treat odorous and greenhouse gases. The simple, low maintenance cost-effective technology could provide an alternative to help minimise odour and greenhouse gas emissions from both the waste and agricultural sectors. Ongoing optimisation of the process is expected to further improve performance. 
